Abstract: Fe-substituted PMN-32PT relaxor ferroelectric crystals were grown by a high-temperature flux method. The effects of charged defects on the dielectric relaxor and conductivity mechanism were discussed in detail. The Fe-substituted PMN-32PT crystal showed a high coercive field (E c = 765 V/mm), due to domain wall-pinning, induced by charged defect dipoles. Three dielectric anomaly peaks were observed, and the two dielectric relaxation peaks at low temperature were associated with the diffusion phase transition, while the high temperature one resulted from the short-range hopping of oxygen vacancies. At temperature T ≤ 150 • C, the dominating conduction carriers were electrons coming from the first ionization of oxygen vacancies. For the temperature range from 200 to 500 • C, the conductivity was composed of the bulk and interface between sample and electrode, and the oxygen vacancies were suggested to be the conduction mechanism. Above 550 • C, the trapped electrons from the Ti 3+ center were excited and played a major role in electrical conduction. Our results are helpful for better understanding the relationship between dielectric relaxation and the conduction mechanism.
Introduction
Relaxor-PbTiO 3 ferroelectric single crystals with morphotropic phase boundary (MPB), such as (1−x)Pb(Mg 1/3 Nb 2/3 )O 3 -xPbTiO 3 (PMN-xPT) and (1−x)Pb(Zn 1/3 Nb 2/3 )O 3 -xPbTiO 3 (PZN-xPT), have attracted much attention due to their superior electric properties (piezoelectric coefficient d 33 ≈ 2500 pC/N, permittivity ε ≈ 5000-7000, and strain S ≈ 1.7%) [1] [2] [3] . Recently, studies have shown that the ultrahigh electrical properties in relaxation ferroelectrics might derive from the local structure heterogeneity [3] [4] [5] [6] . For example, Li et al. [5] found the contribution of polar nanoregions to the room-temperature dielectric and piezoelectric properties was up to 80% in relaxor-PT crystals. This opinion was further certified in PMN-29PT piezoelectric ceramics. By introducing the rare-earth element, samarium, to change the local structure, the piezoelectric coefficient d 33 of PMN-29PT ceramics was significantly increased from 300 to 1500 pC/N [7] . This discovery provided a new insight into improving material properties.
Heterogeneous ionic substitution was widely applied in relaxor-PT ferroelectrics to regulate their properties. It is well known that the PMN-PT is a typical "soft" piezoelectric material with a low coercive 2. Experiment 1.7 mol% Fe-substituted PMN-32PT ferroelectric single crystals were grown by the flux method. The detailed process can be found in reference [22] . A [001]-oriented crystal plate with 3 mm × 3 mm × 0.5 mm was cut and polished, and then silver paste was daubed on two sides and fired as electrodes at 750 • C for 30 minutes. A TF2000 ferroelectric test system was used to obtain the hysteresis loop at room temperature. The sample was poled under a 1 kV/mm DC electric field for 5 min at room temperature, and the piezoelectric coefficient (d 33 = 997 pC/N) was obtained by using the quasi-static meter (ZJ-6A, Institute of Acoustics, Chinese Academy of Sciences). The dielectric properties were investigated using a precision LCR meter (Agilent E4980A; Santa Rosa, CA, USA) at the temperature range of 30 to 500 • C, corresponding to the frequency range of 100 Hz to 1 MHz. The complex impedance spectroscopy and conductivity were measured using a broadband dielectric spectrometer (BDS40, Novocontrol GmbH, Montabaur, Germany) between 0.1 Hz and 3 MHz. Figure 1 shows the powder XRD and Energy Dispersive System (EDS, see inset) of the Fe-substituted PMN-32PT crystal. X-ray powder diffraction pattern of Figure 1 contains only reflections typical for perovskite structure, indicating the Fe ions might enter the crystal. The EDS spectrum further indicates the presence of Fe element in the sample. Figure 2 shows the hysteresis loop of Fe-substituted PMN-32PT crystal at room temperature. It can be seen that the coercive field Ec is 765 V/mm, which is almost three times larger than that of the pure PMN-PT crystal [8] [9] [10] . This result indicates that Fe ions effectively make PMN-xPT crystal "harden". One can notice that the center of the hysteresis loop shifts toward the right, leading to coercive field Ec− = 765 V/mm and Ec+ = 721 V/mm, which might be related to the internal bias induced by charged defects in the crystal [23] . and result in the presence of charged defects. The reaction can be expressed as Equation (1):
Results and Discussion
In addition, during the process of high temperature sintering, oxygen vacancies and lead vacancies are created due to their volatilization, as shown in Equations (2) and (3). Figure 2 shows the hysteresis loop of Fe-substituted PMN-32PT crystal at room temperature. It can be seen that the coercive field E c is 765 V/mm, which is almost three times larger than that of the pure PMN-PT crystal [8] [9] [10] . This result indicates that Fe ions effectively make PMN-xPT crystal "harden". One can notice that the center of the hysteresis loop shifts toward the right, leading to coercive field E c− = 765 V/mm and E c+ = 721 V/mm, which might be related to the internal bias induced by charged defects in the crystal [23] . Figure 2 shows the hysteresis loop of Fe-substituted PMN-32PT crystal at room temperature. It can be seen that the coercive field Ec is 765 V/mm, which is almost three times larger than that of the pure PMN-PT crystal [8] [9] [10] . This result indicates that Fe ions effectively make PMN-xPT crystal "harden". One can notice that the center of the hysteresis loop shifts toward the right, leading to coercive field Ec− = 765 V/mm and Ec+ = 721 V/mm, which might be related to the internal bias induced by charged defects in the crystal [23] . and result in the presence of charged defects. The reaction can be expressed as Equation (1):
In addition, during the process of high temperature sintering, oxygen vacancies and lead vacancies are created due to their volatilization, as shown in Equations (2) and (3). A) and result in the presence of charged defects. The reaction can be expressed as Equation (1): In addition, during the process of high temperature sintering, oxygen vacancies and lead vacancies are created due to their volatilization, as shown in Equations (2) and (3) .
The defect dipoles such as 2Fe Ti − V
••
O may be formed, which result in an internal bias to inhibit the movement of the domain wall, accompanied by the increase of coercive field and decrease of piezoelectric coefficient [9] [10] [11] [12] , as shown in Figure 2 . Figure 3 describes the temperature dependence of DC conductivity for Fe-substituted PMN-32PT crystals. The activation energy E cond was calculated based on the Arrhenius formula (Equation (4)).
Where σ 0 is a constant and k B is the Boltzmann constant. Three E cond are obtained for different temperature ranges. At low temperature T < 200 • C, the E cond = 0.18 eV is very close to the first ionization energy of oxygen vacancy (0.1-0.2 eV) [15] , showing that the thermal ionization electrons of oxygen vacancy play a major role for the conduction mechanism. For the 500 • C > T > 200 • C temperature range, the E cond increases to 0.86 eV. It was reported that the migration energy of oxygen vacancies was about 1 eV in ABO 3 perovskite oxides [24] . Therefore, we suggested that oxygen vacancies should be responsible for the conduction mechanism. With increasing temperature above 550 • C, the activation energy E cond is up to 1.2 eV. Previous research suggested that the oxygen vacancies are still the dominant carriers [19, 21, 25] . However, our experiment results suggest that the electrons at the interface of the sample/electrode contribute to the high temperature conduction, which will be discussed in detail below.
The defect dipoles such as 2 ' Ti Fe ̅ O V
•• may be formed, which result in an internal bias to inhibit the movement of the domain wall, accompanied by the increase of coercive field and decrease of piezoelectric coefficient [9] [10] [11] [12] , as shown in Figure 2 . Figure 3 describes the temperature dependence of DC conductivity for Fe-substituted PMN-32PT crystals. The activation energy Econd was calculated based on the Arrhenius formula (Equation 4).
Where σ0 is a constant and kB is the Boltzmann constant. Three Econd are obtained for different temperature ranges. At low temperature T < 200 °C, the Econd = 0.18 eV is very close to the first ionization energy of oxygen vacancy (0.1-0.2 eV) [15] , showing that the thermal ionization electrons of oxygen vacancy play a major role for the conduction mechanism. For the 500 °C > T > 200 °C temperature range, the Econd increases to 0.86 eV. It was reported that the migration energy of oxygen vacancies was about 1 eV in ABO3 perovskite oxides [24] . Therefore, we suggested that oxygen vacancies should be responsible for the conduction mechanism. With increasing temperature above 550 °C, the activation energy Econd is up to 1.2 eV. Previous research suggested that the oxygen vacancies are still the dominant carriers [19, 21, 25] . However, our experiment results suggest that the electrons at the interface of the sample/electrode contribute to the high temperature conduction, which will be discussed in detail below. Figure 4 displays the temperature dependence of permittivity (εr) for Fe-substituted PMN-32PT single crystal at different frequencies. Two obvious dielectric anomalies are observed, corresponding to peak I and peak II. Based on previous studies [26] , peak I is assigned to the rhombohedral (R)-tetragonal (T) phase transition, and peak II is from the phase transformation of tetragonal (T)-cubic (C). Fe-substituted PMN-32PT crystal shows the increased phase transition temperature of rhombohedral-tetragonal (TT-R = 90 °C) compared with the PMN-32PT single crystal Figure 4 displays the temperature dependence of permittivity (ε r ) for Fe-substituted PMN-32PT single crystal at different frequencies. Two obvious dielectric anomalies are observed, corresponding to peak I and peak II. Based on previous studies [26] , peak I is assigned to the rhombohedral (R)-tetragonal (T) phase transition, and peak II is from the phase transformation of tetragonal (T)-cubic (C). Fe-substituted PMN-32PT crystal shows the increased phase transition temperature of rhombohedral-tetragonal (T T-R = 90 • C) compared with the PMN-32PT single crystal (T T-R~7 0 • C) [27] , which is attributed to the domain wall-pinning induced by the internal bias field [23] . At the phase transition temperature T m = 143 • C, the permittivity ε r shows a strong frequency dependence. As frequency increases, the permittivity decreases, and peak II moves to a high temperature, indicating the relaxation property of the crystal. It's worth mentioning that there is a dielectric abnormality at high temperature 400 • C, labeled peak III. This dielectric anomaly occurs at 400 • C higher than Burns temperature T B~3 30 • C of PMN-PT crystal [28] . Therefore, this anomaly is independent of the diffuse ferroelectric phase transition, and is known as the pseudo-dielectric relaxation [21] . When the temperature is higher than 500 • C, we observe a sharp increase in permittivity at low frequency 10 Hz, which may be associated with space charge polarization [29] . The dielectric anomaly at peak III is more obvious in the dielectric loss (see the inset of Figure 4 ). With the increasing of frequency, the dielectric anomaly shifts toward high temperature, indicating the dielectric relaxor. (TT-R ~ 70 °C) [27] , which is attributed to the domain wall-pinning induced by the internal bias field [23] . At the phase transition temperature Tm = 143 °C, the permittivity εr shows a strong frequency dependence. As frequency increases, the permittivity decreases, and peak II moves to a high temperature, indicating the relaxation property of the crystal. It's worth mentioning that there is a dielectric abnormality at high temperature 400 °C, labeled peak III. This dielectric anomaly occurs at 400 °C higher than Burns temperature TB ~ 330 °C of PMN-PT crystal [28] . Therefore, this anomaly is independent of the diffuse ferroelectric phase transition, and is known as the pseudo-dielectric relaxation [21] . When the temperature is higher than 500 °C, we observe a sharp increase in permittivity at low frequency 10 Hz, which may be associated with space charge polarization [29] . The dielectric anomaly at peak III is more obvious in the dielectric loss (see the inset of Figure 4 ). With the increasing of frequency, the dielectric anomaly shifts toward high temperature, indicating the dielectric relaxor. Although the high-temperature dielectric anomaly peak III can be observed in Figure 4 , it is difficult to extract the accurate location of abnormal peaks, which limits our insight into the mechanism of high-temperature dielectric relaxation. Considering the relationship between dielectric modulus (M*) and permittivity (ε*), as in the following Equation 5, we can obtain some information about the dielectric relaxation mechanism by analysis of dielectric modulus M*. Figure 5 shows the dielectric modulus imaginary M" as a function of frequency (f) in the temperatures ranging from 200 to 700 °C. Only one peak is observed, and the peak gradually moves to high frequency with increasing temperature, which is a typical dielectric relaxation induced by thermal activation [25] . In order to analyze its physical nature, we accurately extracted the position of the relaxation peak by Gaussian fitting, and calculated the relaxation activation energy Erelax (see inset of Figure 5 ), based on the Arrhenius formula (Equation 6).
It can be seen that the relaxation activation energy Erelax is 1.2 eV, indicating that the high-temperature dielectric relaxation peak III is related to the short-range hopping of oxygen Although the high-temperature dielectric anomaly peak III can be observed in Figure 4 , it is difficult to extract the accurate location of abnormal peaks, which limits our insight into the mechanism of high-temperature dielectric relaxation. Considering the relationship between dielectric modulus (M*) and permittivity (ε*), as in the following Equation (5), we can obtain some information about the dielectric relaxation mechanism by analysis of dielectric modulus M*. Figure 5 shows the dielectric modulus imaginary M" as a function of frequency (f ) in the temperatures ranging from 200 to 700 • C. Only one peak is observed, and the peak gradually moves to high frequency with increasing temperature, which is a typical dielectric relaxation induced by thermal activation [25] . In order to analyze its physical nature, we accurately extracted the position of the relaxation peak by Gaussian fitting, and calculated the relaxation activation energy E relax (see inset of Figure 5 ), based on the Arrhenius formula (Equation (6)).
vacancies [13, 20, 21, 24] . At this point, oxygen vacancy acts as a polaron, and its hopping process can be regarded as the reorientation of the dipole, which leads to dielectric relaxation. In order to understand the relationship between dielectric relaxation and electrical conduction, Figure 6 shows the impedance imaginary Z" of Fe-substituted PMN-32PT crystal as a function of frequency (f) at different temperatures. Two abnormal peaks in Z"(f) curves are observed in Figure  6a , corresponding to a high-frequency Ph peak and a low-frequency Pl peak, respectively. Usually, the high-frequency Ph peak is related to the bulk, while the low-frequency Pl peak is associated with interface, and they can be described by an equivalent circuit with two pairs of parallel R-C series [13, 20] . With decreasing temperature from 700 to 250 °C, the position of the Ph peak shifts gradually toward low frequency, indicating its relaxation characteristics. It is unfortunate that, when temperature is below 200 °C, the relaxor peak is out of this measured range and cannot be observed (see inset of Figure 6a ). The intensity of the Ph peak decreases gradually with the temperature increasing, showing a thermal activation. Compared with the high-frequency Ph relaxation peak, the variation of the low-frequency Pl peak is more complex (see Figure 6b) . When the temperature is increased from 300 to 400 °C, the Pl peak moves to the high frequency, accompanied by the decrease of peak intensity, which is in agreement with the Ph peak. Some subtle changes are captured in the illustration. The intensity of the Pl peak is higher than that of the Ph peak at 300 °C, indicating that the interface's contribution to the complex impedance is greater than that of the bulk. However, the intensity of the Pl peak decreases gradually with increasing temperature, and it can be hardly observed at 450 °C. It is very interesting that the Pl peak rises again when the temperature is above 500 °C, but the frequency where the Z" is up to maximum almost does not change with increasing temperature, except for when the peak intensity decreases. The phenomena suggest that the Pl peak depends on temperature rather than frequency in the temperature range from 500 to 700 °C. Therefore, the conduction mechanism controlled by oxygen vacancy hopping is ruled out [13] [14] [15] [16] [17] 20, 21] . It can be seen that the relaxation activation energy E relax is 1.2 eV, indicating that the high-temperature dielectric relaxation peak III is related to the short-range hopping of oxygen vacancies [13, 20, 21, 24] . At this point, oxygen vacancy acts as a polaron, and its hopping process can be regarded as the reorientation of the dipole, which leads to dielectric relaxation.
In order to understand the relationship between dielectric relaxation and electrical conduction, Figure 6 shows the impedance imaginary Z" of Fe-substituted PMN-32PT crystal as a function of frequency (f ) at different temperatures. Two abnormal peaks in Z"(f ) curves are observed in Figure 6a , corresponding to a high-frequency P h peak and a low-frequency P l peak, respectively. Usually, the high-frequency P h peak is related to the bulk, while the low-frequency P l peak is associated with interface, and they can be described by an equivalent circuit with two pairs of parallel R-C series [13, 20] . With decreasing temperature from 700 to 250 • C, the position of the P h peak shifts gradually toward low frequency, indicating its relaxation characteristics. It is unfortunate that, when temperature is below 200 • C, the relaxor peak is out of this measured range and cannot be observed (see inset of Figure 6a ). The intensity of the P h peak decreases gradually with the temperature increasing, showing a thermal activation. Compared with the high-frequency P h relaxation peak, the variation of the low-frequency P l peak is more complex (see Figure 6b) . When the temperature is increased from 300 to 400 • C, the P l peak moves to the high frequency, accompanied by the decrease of peak intensity, which is in agreement with the P h peak. Some subtle changes are captured in the illustration. The intensity of the P l peak is higher than that of the P h peak at 300 • C, indicating that the interface's contribution to the complex impedance is greater than that of the bulk. However, the intensity of the P l peak decreases gradually with increasing temperature, and it can be hardly observed at 450 • C. It is very interesting that the P l peak rises again when the temperature is above 500 • C, but the frequency where the Z" is up to maximum almost does not change with increasing temperature, except for when the peak intensity decreases. The phenomena suggest that the P l peak depends on temperature rather than frequency in the temperature range from 500 to 700 • C. Therefore, the conduction mechanism controlled by oxygen vacancy hopping is ruled out [13] [14] [15] [16] [17] 20, 21] . To explore the physical mechanism of the Pl and Ph peaks, we extracted the position of the Ph peak (250-650 °C) and Pl peak (300-400 °C) from Figure 6b . Based on the Arrhenius formula (Equation 6), the relationship between the frequency and temperature was plotted, as shown in Figure 7 . It can be seen that the relaxor activation energy of Ph peaks is 1.2 eV, which is in agreement with Figure 5 , indicating that the dielectric relaxation and electrical conduction in bulk derive from the same physical mechanism, that is, oxygen vacancies [13, 21] . For the low-frequency Pl peak (300-400 °C), the relaxor activation energy is 1.28 eV, close to the migration energy of oxygen vacancy. Therefore, we suggest that the conduction mechanism of the interface arises from the oxygen vacancy in the temperature range from 300 to 400 °C [20] . To explore the physical mechanism of the P l and P h peaks, we extracted the position of the P h peak (250-650 • C) and P l peak (300-400 • C) from Figure 6b . Based on the Arrhenius formula (Equation (6)), the relationship between the frequency and temperature was plotted, as shown in Figure 7 . It can be seen that the relaxor activation energy of P h peaks is 1.2 eV, which is in agreement with Figure 5 , indicating that the dielectric relaxation and electrical conduction in bulk derive from the same physical mechanism, that is, oxygen vacancies [13, 21] . For the low-frequency P l peak (300-400 • C), the relaxor activation energy is 1.28 eV, close to the migration energy of oxygen vacancy. Therefore, we suggest that the conduction mechanism of the interface arises from the oxygen vacancy in the temperature range from 300 to 400 • C [20] . To explore the physical mechanism of the Pl and Ph peaks, we extracted the position of the Ph peak (250-650 °C) and Pl peak (300-400 °C) from Figure 6b . Based on the Arrhenius formula (Equation 6), the relationship between the frequency and temperature was plotted, as shown in Figure 7 . It can be seen that the relaxor activation energy of Ph peaks is 1.2 eV, which is in agreement with Figure 5 , indicating that the dielectric relaxation and electrical conduction in bulk derive from the same physical mechanism, that is, oxygen vacancies [13, 21] . For the low-frequency Pl peak (300-400 °C), the relaxor activation energy is 1.28 eV, close to the migration energy of oxygen vacancy. Therefore, we suggest that the conduction mechanism of the interface arises from the oxygen vacancy in the temperature range from 300 to 400 °C [20] . For the high-temperature region (500 < T < 700 • C) in Figure 6b , as mentioned above, the P l peak shows a negative temperature resistance coefficient (NTRC) and thermal activation feature. In addition, the P l peak is independent of frequency, indicating that the interface system is a non-dispersive transport of the free charged carriers process [20] . In order to certify the view, the conductivity as a function of frequency was plotted in the temperature range 500 < T < 700 • C, as shown in Figure 8 . One can see that the conductivity remains almost constant when the frequency is less than 10 3 Hz, indicating the DC conduction. Wan et al. reported that the partial Fe 3+ might transform into Fe 2+ when the high concentration iron ions were introduced into PMN-PT crystal [11] , which resulted in the formation of holes. Generally, these holes are trapped by negatively charged centers, such as V Pb vacancies, and they act as carriers to form the p-type conduction at high temperature, as shown in Equation (7).
where A × is the negatively charged center with a trapped hole. Previous study showed that the enthalpy of Equation (7) determined from the temperature dependence of the p-type conductivity is about 0.92 eV [30] . Based on Figure 2 , we knew that the activation energy E cond was up to 1.2 eV at T > 500 • C. Therefore, we propose the holes might be excluded. However, the Ti 3+ center was calculated to be highly localized on the Ti 3d orbital and quite deep, at least 1 eV below the conduction-band edge [31] . Zhao et al. [20] reported that this activation energy corresponding to the excitation of trapped electrons from the Ti 3+ center is about 1.1 ± 0.03 eV in PMN-PT crystal. For the interface region between the sample and electrode, the cathodic region contains a high concentration of migrated oxygen vacancies, and they are compensated by electrons. The compensated electrons may be trapped by the Ti 4+ to form color centers, which leads to the Ti 4+ transformation into Ti 3+ . Therefore, we speculate that the excitation of trapped electrons from the Ti 3+ center might dominate the high-temperature conduction mechanism [20] . For the high-temperature region (500 < T < 700 °C) in Figure 6b , as mentioned above, the Pl peak shows a negative temperature resistance coefficient (NTRC) and thermal activation feature. In addition, the Pl peak is independent of frequency, indicating that the interface system is a non-dispersive transport of the free charged carriers process [20] . In order to certify the view, the conductivity as a function of frequency was plotted in the temperature range 500 < T < 700 °C, as shown in Figure 8 . One can see that the conductivity remains almost constant when the frequency is less than 10 3 Hz, indicating the DC conduction. Wan et al. reported that the partial Fe 3+ might transform into Fe 2+ when the high concentration iron ions were introduced into PMN-PT crystal [11] , which resulted in the formation of holes. Generally, these holes are trapped by negatively charged centers, such as " Pb V vacancies, and they act as carriers to form the p-type conduction at high temperature, as shown in Equation 7 .
where A × is the negatively charged center with a trapped hole. Previous study showed that the enthalpy of Equation 7 determined from the temperature dependence of the p-type conductivity is about 0.92 eV [30] . Based on Figure 2 , we knew that the activation energy Econd was up to 1.2 eV at T > 500 °C. Therefore, we propose the holes might be excluded. However, the Ti 3+ center was calculated to be highly localized on the Ti 3d orbital and quite deep, at least 1 eV below the conduction-band edge [31] . Zhao et al. [20] reported that this activation energy corresponding to the excitation of trapped electrons from the Ti 3+ center is about 1.1 ± 0.03 eV in PMN-PT crystal. For the interface region between the sample and electrode, the cathodic region contains a high concentration of migrated oxygen vacancies, and they are compensated by electrons. The compensated electrons may be trapped by the Ti 4+ to form color centers, which leads to the Ti 4+ transformation into Ti 3+ . Therefore, we speculate that the excitation of trapped electrons from the Ti 3+ center might dominate the high-temperature conduction mechanism [20] . The impedance Z" reflects the material's resistance information, while the modulus M" reflects the material's capacitance information [13, 18] . When the positions of Mmax" and Zmax" are identical, they show the dominance of long-range carrier migration. Conversely, the short-range movement of carriers may play a major role in contributing to the material's properties [18] . In order to further demonstrate the carrier migration, the M"(f) and Z"(f) curves were contrasted at different The impedance Z" reflects the material's resistance information, while the modulus M" reflects the material's capacitance information [13, 18] . When the positions of M max " and Z max " are identical, they show the dominance of long-range carrier migration. Conversely, the short-range movement of carriers may play a major role in contributing to the material's properties [18] . In order to further demonstrate the carrier migration, the M"(f ) and Z"(f ) curves were contrasted at different temperatures, as shown in Figure 9 . It can be clearly seen that the Z max " and M max " occur at different frequencies, as shown by the black dotted line in Figure 9a ,b, which indicates that the short-range hopping of oxygen vacancies is responsible for the dielectric relaxation. With increasing temperature, the difference of frequency between Z max " and M max " decreases gradually (see Figure 9d) , suggesting the dominance of oxygen vacancies' long-range migration. The long-range migration of carriers promotes conduction, resulting in the decrease of resistivity and the increase of the leakage current, as shown in Figure 6b. temperatures, as shown in Figure 9 . It can be clearly seen that the Zmax" and Mmax" occur at different frequencies, as shown by the black dotted line in Figure 9a ,b, which indicates that the short-range hopping of oxygen vacancies is responsible for the dielectric relaxation. With increasing temperature, the difference of frequency between Zmax" and Mmax" decreases gradually (see Figure  9d) , suggesting the dominance of oxygen vacancies' long-range migration. The long-range migration of carriers promotes conduction, resulting in the decrease of resistivity and the increase of the leakage current, as shown in Figure 6b . 
Conclusion
The dielectric, piezoelectric, ferroelectric, relaxation and electrical conduction were investigated in an Fe-substituted PMN-32PT relaxation ferroelectric single crystal, grown by the flux method. Fe ions effectively improved the coercive field Ec of PMN-32PT crystal, and the Ec was up to 765 V/mm, which is three times larger than that of un-doped PMN-32PT crystal. Fe-substituted PMN-32PT showed a piezoelectric coefficient d33 = 997 pC/N. These variations of electrical properties were attributed to the domain wall-pinning by defect dipoles. The low-temperature dielectric relaxation was associated with the diffuse phase transition, while the high-temperature dielectric relaxation was attributed to the oxygen vacancies. The analysis of conductivity showed that the conduction mechanism was mainly electrons resulting from ionization of oxygen vacancies at low-temperature range T ≤ 150 °C, while the migration of oxygen vacancies dominated the conduction mechanism for moderate temperatures, 200 < T < 500 °C. As the temperature increased by 550 °C, the excitation of the trapped electrons from the Ti 3+ center below the edge of the conduction band contributed to the high-temperature conduction. 
Conclusions
The dielectric, piezoelectric, ferroelectric, relaxation and electrical conduction were investigated in an Fe-substituted PMN-32PT relaxation ferroelectric single crystal, grown by the flux method. Fe ions effectively improved the coercive field E c of PMN-32PT crystal, and the E c was up to 765 V/mm, which is three times larger than that of un-doped PMN-32PT crystal. Fe-substituted PMN-32PT showed a piezoelectric coefficient d 33 = 997 pC/N. These variations of electrical properties were attributed to the domain wall-pinning by defect dipoles. The low-temperature dielectric relaxation was associated with the diffuse phase transition, while the high-temperature dielectric relaxation was attributed to the oxygen vacancies. The analysis of conductivity showed that the conduction mechanism was mainly electrons resulting from ionization of oxygen vacancies at low-temperature range T ≤ 150 • C, while the migration of oxygen vacancies dominated the conduction mechanism for moderate temperatures, 200 < T < 500 • C. As the temperature increased by 550 • C, the excitation of the trapped electrons from the Ti 3+ center below the edge of the conduction band contributed to the high-temperature conduction.
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